Measurements of ion energies in the boundary of tokamak plasmas in L-mode discharges and during ELMs are reviewed. A profile of the ion-to-electron temperature ratio e i T / T from the edge of the confined plasma into the scrape-off layer (SOL) is produced by compiling the available i T measurements. The picture that emerges is that in the SOL, as well as in the edge, i T is systematically higher than e T (ratios up to 10 just outside the last closed flux surface) for most plasma parameter regimes. Far SOL ELM ion energies measured in JET, and more recently in MAST and AUG, agree with the models of the ELM transients, providing strong evidence that ELM ions can reach the first wall with significant fraction of the pedestal energies.
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Measurements of ion energies in the tokamak plasma boundary 
Introduction
It has been evident for decades that the success of tokamaks as fusion reactors will be strongly influenced by plasma-wall interaction processes. Predictions of plasma-wall interactions in ITER rely on the experimental database from existing tokamaks. In the SOL, Langmuir probes (LP) provide information on the electron temperature e T , ion current density sat j , Mach number, turbulent transport, etc. However, other important parameters such as the ion and electron heat transmission coefficients e , i γ , the ion sound speed s c , the electron density e n or the ion pressure i p and the sputtering rates, depend also on the ion temperature i T , which can not be measured using LPs.
Significant effort has been invested to measure SOL i T . Though sporadic and often subject to large uncertainty, such measurements have demonstrated that e i T T > in the SOL as well as in the edge of the confined plasma (referred to as "edge"), except in high ion-electron collisionality regime.
In contrast to the measurements, it is frequently assumed that " e i T T = in the SOL" by the plasma boundary community. Although the disagreement of this assumption with the measurements is often recalled in the literature, it is rarely demonstrated that equipartition is to be expected in a given plasma parameter regime. Similarly, in low-to-moderate ion-electron collisionality regimes, where e i T T > , a discussion of the sensitivity of the results to e i T / T is often lacking.
Most measurements of SOL ion energies were performed in L-mode discharges, and only very limited data exist on the ion energies in the far SOL (i.e. ~2-3 characteristic SOL power widths outside the separatrix) during edge localized mode (ELM) instabilities and between
ELMs. Such information would be of a large assistance for validating the assumptions used for the ITER burning plasma heat load specifications, which in turn, determine the design of the ITER blanket module shaping and power handling capacity. Power balance analysis in the ASDEX Upgrade (AUG) tokamak revealed that ~25% of the plasma energy loss by ELMs is deposited on non-divertor components [1] , providing evidence that ELM ions can reach the first wall with a significant fraction of their initial energies. ELM ion impact energies in the far SOL, measured directly for the first time in JET [2] , have found agreement with a parallel loss model for ELM filament propagation across the SOL, which predicts for ITER average ion impact energies a factor of ~4 higher than the physical sputtering threshold of tungsten by deuterium ions [3] . Similar measurements were recently performed in MAST [4] and AUG [5] .
The focus of the present review is on the measurements of ion energies in the tokamak plasma boundary in L-mode discharges and during ELMs. Throughout this paper the energies and temperatures are given in eV and the indication "parallel" or "perpendicular" relates to the magnetic field vector B .
Diagnostics for SOL T i measurements
Diverse techniques for SOL T i measurements have been developed and reviewed [6] [7] [8] in the past and sporadically employed in tokamaks. None is without drawbacks and some remain controversial. Since a full, proper, critical review of the various methods for measuring SOL i T is beyond the scope of this paper, we simply reference them for completeness in Table 1 , without discussing their validity.
The only diagnostic we briefly address in this section is a retarding field analyzer (RFA). In Tore Supra it is observed experimentally that while the SOL i T varies by more than an order of magnitude, tracking the variation of the core parameters rather closely, SOL e T hardly changes at all and seems to be decoupled from the core plasma, Sec. 3.2. Since parallel conduction typically dominates the electron power balance (from the simple two-point model It is also because of e i κ << κ that T e usually drops faster than T i in the SOL.
In the sheath-limited SOL, the Debye sheath generally removes more heat from the electrons compared to ions so that e i T / T increases with radius in the SOL [40, 60] . As in the conduction-limited SOL, strong thermal coupling of ions and electrons can restore the equipartition.
In the edge plasma, large temperature gradients make a difference of SOL temperatures of the order of tens of electron volts unimportant so that e i T / T quickly converges to unity. The somewhat steeper profiles of e T compared to i T , which are typically observed in the edge, could be explained by a larger radial transport of ion heat compared to electron heat. This is an assumption often required in the transport codes to match the measured edge temperatures, e.g.
[50].
Variation of SOL T i and T e with the global plasma parameters
The compilation in Fig. 1 In common with the effect observed with e n , additional heating generally has a more marked effect on i T than e T . This leads to generally higher e i T / T in additionally heated plasmas compared to ohmic plasmas, irrespective of whether the heating is applied to core ions or electrons. In DITE, the injection of 140 kW of electron cyclotron resonance heating power (corresponding to 2 1 ≈ of the ohmic power ohm P ) was associated with an increase of SOL i T and e T by a factor of 3 and 2, respectively [16] . The effect of the additional heating was, surprisingly, more marked at larger distances from the LCFS. Little effect on the edge temperatures was observed for lower-hybrid (LH) heated discharges with ohm 2 1 LH P P ≈ [16] . A factor of ~2
increase of e i T / T in TEXTOR discharges with neutral beam injection ( MW 1 P NBI = ) in addition to ohm P compared to ohmic plasmas was explained by preferential ion heating [52] . A similar effect of NBI on e i T / T was measured by the RFA in JET [20] . A factor of 3 2 − increase of e i T / T from ohmically-to LH-heated as well as ion-cyclotron-resonance-heated (ICRH) discharges was measured by a RFA in the Tore Supra SOL. In Tore Supra, at approximately constant power in the SOL SOL P (i.e. the total heating power reduced by the radiated power and the ripple losses [62] ) both, ICRH and LH heating, leads to very similar SOL temperatures, Fig. 3 . This indicates that the higher e i T / T in additionally heated plasmas could be simply associated to weaker ion-electron collisional coupling because of higher temperatures, rather than to the preferential ion heating, as suggested in [52] . i T and e T independent of the heating method for fixed SOL P and e n can be explained by simple power balance arguments. The fact that, in contrast to [16] , the SOL temperatures in Tore Supra are higher in LH-compared to ohmically-heated plasmas might be explained by significantly larger ohm LH P / P compared to the experiments in DITE [16] .
Simultaneous increase of i T and e T near the LCFS due to the degraded thermal insulation in the edge plasmas induced by the growth of a MHD mode was reported in [16] . Very few studies address the influence of other plasma parameters such as the toroidal magnetic field [32] or the radiated power fraction [34] on e i T / T .
Radial dependence of SOL T i and T e
Although the simultaneous measurements of the SOL ion and electron temperature efolding lengths, 
ELM ion energies in the far SOL
First direct measurements of the far SOL ELM ion impact energies were obtained in JET using a RFA [2] . The probe was inserted from the top of the plasma into a lower single null outside the outer midplane separatrix has been obtained from the comparison of the e-folding lengths of sat j measured by the LP and the heat flux density measured by an IR camera in AUG [45] .
Recently, measurements of the ELM ion energies in the far SOL using RFAs were performed in MAST [4] and AUG [5] . In both cases, the RFA response to ELMs is similar to what was observed in JET [2] .
In MAST, the ELM ion energies were studied by a RFA in LSN type-I and double null , which is a factor or 4 higher than the sputtering threshold of tungsten [3] . Large confidence intervals of ELM i T from the models are mainly due to the uncertainty in r v .
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